Fabrication of high performance III-V devices and integrated circuits depends on careful control of layer thicknesses and compositions in the as-grown epitaxial layers and in the etching of these layers. The relatively high value of compound semiconductor devices (compared with high-volume Si devices) makes the use of advanced process control (with expensive in situ sensors) potentially advantageous. Considerable attention has been given to the problems of realtime feedback control of MBE growth systems. In this paper, I will discuss experiences with use of both in situ and ex situ monitors for controlling reactive ion etching (RIE) of III-V materials. Specific examples from an electron cyclotron resonance (ECR) RIE base contact etch from an AlInAs/GaInAs HBT process will be given. The relative merits of reflection-based wafer sensors vs. process state sensors (optical emission spectroscopy and mass spectroscopy) will be discussed. The unique opportunities and problems associated with the III-V materials and required etch processes will be contrasted to implementation of advanced wafer state endpoint detection schemes in Si and flat panel display processes. Specific problems and solutions from our research which I will discuss include chamber seasoning effects on the drift of optical emission based endpoint detection schemes and signal processing techniques for accounting for this drift, modeling of the optical dielectric function of the compounds of interest vs. composition, and the effects of surface roughness on optical thickness measurements.
INTRODUCTION
Advanced process control (APC) based on in situ and in line monitors (sensors) is being pursued by researchers in all aspects of thin-film technology (Si VLSI, compound semiconductor devices, flat panel displays, advanced optical coatings, etc.) to improve process margins with the coupled goals of improving the manufacturability of leading-edge devices and reducing costs. In compound semiconductor fabrication, in situ monitors and real-time feedback control have been relatively aggressively applied to epitaxial growth control for both MBE and OMCVD reactors. 1, 2, 3, 4, 5 This is a very sensible starting point, as the quality of the epitaxial layers is certainly the most critical factor in the manufacture of high performance compound semiconductor devices. However, many of these device structures also require careful control of either dry or wet chemical etches to expose layers for application of ohmic contacts and Schottky gates. Less attention has been paid to the problems of etch control in III-V compound materials. In this paper, I will address some of the issues and possible solutions for high-accuracy etch endpoint detection.
To effectively implement in situ sensor-based APC schemes, it is, of course, necessary to have the in situ sensors and related equipment controller hardware and software. Also, it is important to have available effective ex situ, in-line measurement systems. These systems are needed both to verify the effectiveness of the in situ based systems and to provide complementary measurements which cannot be performed in situ. In Si VLSI fabrication, rapid, nondestructive, in-line measurements are commonly used to monitor film thicknesses and linewidths on sampled product lots as part of routine statistical process control (SPC) schemes. In research and development, the Si VLSI industry is moving toward implementation of batchto-batch and wafer-to-wafer control (two variations of run-to-run control) by increasing the use of in-line metrology. In III-V device fabrication, the most common process control approach is to develop individual unit process using relatively simple test structures and to evaluate the processes using relatively sophisticated measurements including high resolution X-ray diffraction (rocking curves), photoluminescence, photoreflectance, etc; however, relatively few in-process measurements are typically performed on device wafer prior to electrical test. As one of the results of our process control efforts, I will illustrate the use of a common Si in-line metrology tool, the microscope-based spectral reflectometer, for use in compound semiconductor process monitoring. The experimental results which I will discuss in this paper were primarily the result of an effort to control the dry etching of a self-aligned base contact etch in a Hughes Research Laboratories (HRL, Malibu, Ca.) InP-based heterojunction bipolar transistor process. 6 The device cross-section is shown in Figure 1 . The critical requirements for this process were to etch through the GaInAs cap, AlInAs emitter, the graded GaInAs/AlInAs superlattice (SL), and finally to stop in the GaInAs base with no more than 5nm of over-etch. The accuracy with which this goal could be achieved would determine the minimum allowed base width and, thus, would be a major determining factor in the high frequency performance of the HBT. Also, since the base contact metallization was to be applied in a self-aligned approach, a controlled undercut of the emitter contact metal was also needed. Finally, the dry etch need to be performed in a low damage mode. The electron cyclotron resonance (ECR) dry etch process developed at the University of Michigan to address this problem has been documented elsewhere. 7 In this paper, I will restrict the discussion to the successes and failures of the in situ and in-line sensors employed in the process control effort, and to a discussion of possible improved solutions for problems of this type.
EXPERIMENT
The ECR-based dry etch system with the in situ monitors which we employed is illustrated schematically in Figure 2 . The etch system was built by PlasmaTherm, Inc. and incorporate a 2.45 GHz ECR source from Wavemat, Inc. The wafer chuck was mechanically-clamped and Hebackside cooled, and could be raised and lowered via a bellows arrangement to enable optimization of the wafer position relative to the ECR source. The wafer could be separately biased with a 13.56 MHz RF source. The process used for all of the etch experiments described in this work used an Cl 2 /Ar chemistry.
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IN SITU MONITORS
To perform automated endpoint detection for the base contact etch, we installed three in situ monitoring devices 1. A differentially-pumped quadrupole mass spectrometer (QMS); 2. A monochromator-based optical emission spectrometer (OES); 3. A dual-λ reflectometer. These systems are illustrated in Figure 2 . The QMS was a MKS PPT system which uses an open source ionizer, 6.3mm quadrupole rods, and an electron multiplier detector. Process gas was sampled into the QMS through a small port in the chamber near the typical level of the wafer. Due to the variable vertical position of the wafer chuck, it was not easily possible to place a sampling port for the QMS very close to the wafer itself during the etch.
The OES system was constructed using a Spex 500M 0.5 meter Czerny-Turner monochromator, a room temperature Hammamatsu R636 GaAs-photocathode photomultiplier tube (PMT), and a Stanford Research 570 low noise current preamplifier. A multi-stranded quartz optical fiber was used to bring light to the monochromator. The fiber bundle was arranged in vertical line and focused onto the entrance slit of the monochromator to maximize the signal strength. This arrangement was used (rather than a multi-wavelength array detector) to provide the maximum possible signal to noise ratio for a single emission species.
The reflectometer system (illustrated in Figure 3 ) was designed and constructed using a polarizer-photoelastic modulator (PEM)-polarizer system to provide high-frequency (100KHz) amplitude modulation of the probe beam and the reflected beam was demodulated using a pair of SR850 lockin amplifiers. This arrangement gave good signal to noise ratios using a 75W Xe lamp source with the sample approximately 1 m from the beam-splitter. A lamp source was used rather than lasers to permit optimization of the probe wavelengths to the regions of maximum index differences between the layers of interest. There are relatively large differences in the refractive indices of AlInAs and GaInAs at Hg emission lines; therefore, we intended to perform the base endpoint experiment using a Hg lamp. The experimental performance of this system on a polycrystalline Si test sample and the theoretical performance on the HBT are shown in Figure  4 . Two wavelengths were employed rather than the more common single wavelength arrangement (typically HeNe laser-632.8 nm) to improve the sensitivity. As in the case of the OES system, discrete PMT detection was used to maximum the SNR at the expense of the additional information available from spectral measurements. The reflectometry system was deployed in a normal-incidence configuration due to the vertical movement of the wafer stage (which precluded the use of a pair of off-normal "ellipsometry" ports for specular reflection measurements).
The basic rational was that the QMS and OES systems would provide chemical process state information on the plasma environment and that the dual-λ reflectometer would provide realtime information on the remaining film thickness during the etch. In principle, any one of the in situ monitors should have been able to detect the transition from the AlInAs layer to the GaInAs layer by sensing either the presence of Ga (for the two chemical process state sensors) or the change in the reflection (for the reflectometer). The apparent challenges for all three monitors lay in the speed and accuracy, and the problem of detecting the non-abrupt transition from the graded AlInAs/GaInAs SL into the GaInAs base layer. 
IN-LINE MONITORS
To provide routine film thickness measurements for evaluation the endpoint detect schemes, we modified the software of a commercial microscope-based spectral reflectometer system (a Leitz MPV-SP). The software was modified to allow arbitrary layer structures to be input into the optical modeling routines. The hardware itself was not modified. The system provided measurements of the sample reflectance vs. wavelength over the 400-800nm spectral range using a scanning monochromator-PMT arrangement. We also added a computer controlled scanning stage for late in this work. The measurement spot size could be varied from as small as 1x1µm (using a 100X objective) to larger sizes. We typically used a 100x100 µm spot size delivered through a 10X objective. Newer systems from a variety of manufactures (KLA-Tencor, Nanometrics, Leica, and others) offer these capabilities without modification, but are not yet commonly used in compound semiconductor efforts. The use of a microscope-based reflectometer for ex situ film thickness measurement is advantageous both for mapping of sample uniformity over a wafer and for performing measurements in nominally uniform regions (away from contacts or other topography). Also, these measurements could be made at a time of only a few seconds per measurement spot. To provide the reference data on the optical dielectric functions needed for operation of both the in situ reflectometer and the in-line spectral reflectometer, we characterized our materials and samples using ex situ spectroscopic ellipsometry using both a Rudolph S2000 system and a Sopra GESP-5 system.
RESULTS
MASS SPECTROSCOPY
In our test experiments on GaAs wafers, the QMS did not show any Ga-containing species 8, 7 and was therefore not used in attempting to endpoint the HBT etch. At least one group has been successful on a similar attempt using a similar quadrupole system but with a sampling tube located near the wafer being etched. 9 In our configuration, it is possible that the Ga-containing species were being removed by deposition reaction on the plumbing prior to the quadrupole mass filter itself or in the ionizer. In addition to the problem of the movable sample stage discussed earlier, we chose not to invest further effort into this sensor for two reasons. First, placing a sampling tube near the wafer (an thus with exposure to the plasma) introduces the possibility of significant wafer contamination. Also, due to the well-known problem of process gas induced gain shifts when using thoriated iridium filaments, we had attempted to use tungsten filaments in the ionizer. However, due to the Cl 2 in our etch gas, the lifetime of the W filaments was too short for practical use. Thus, while the QMS initially seemed to be a straightforward solution, our conclusion was that it is not a practical solution for even limited lot production applications.
OPTICAL EMISSION SPECTROSCOPY
The OES system provided a usable endpoint signal from the Ga emission line at 417.2 nm. At typical test run is illustrated in Figure 5 . As can be seen in this figure, the major regions of the sample can be resolved and the approximate etch rates of each material can be estimated. However, high accuracy endpointing of the etch required a more sophisticated procedure than simply detect the presence of Ga at some predefined OES signal threshold The problem is that the chamber becomes seasoned with Ga-containing compounds after only a few runs, and, thus, there is a time-varying Ga OES signal present even while etching the AlInAs. By using a more sophisticated signal processing approach, we were able to demonstrate acceptably high accuracy endpoint detection on simple test samples with abrupt layers of AlInAs on GaInAs on InP. 10 The maximum-likelihood estimator method described in this reference could be readily adapted to the grade SL case, but was not used due to limitations in available samples. The basic problem is that some level of experimental "training" of the algorithm was required for each type of sample and also this effort must be repeated on a roughly daily basis to correct for major etch system drifts. In production applications with repeated runs of the same type of product through an etch system, the combination of the OES method (interpreted through a drift correcting algorithm) and ex situ in-line metrology would provide a reliable solution. Without this repetition, the requirement for calibration runs would probably make this technique to expensive to implement.
DUAL-λ REFLECTOMETRY
Although it was test successfully on Si test samples (see Figure 4) , the dual-λ reflectometer was not used successfully for endpointing the HBT etch due to rapid clouding of the ECR quartz dome. This system was successfully test in a poly Si endpoint experiment on a parallel plate RIE. The reflectometer signal was initially calibrated using a bare Si wafer in the chamber prior to the etch run. The signal was then calibrated for window changes and alignment errors by fitting the measured data to the theoretical reflectance a the last peak and valley of the reflectance oscillations to provide a gain and offset correction. The endpoint was then triggered when either wavelength signal reached the desired theoretical reflectance. A series of poly Si/SiO 2 /Si runs resulted in an oxide over-etch of 3.6 nm with a standard deviation of only 0.87 nm. The overetch could have easily been reduced by adjusting the target reflection value.
In related work on flat panel displays, we have shown that dual-λ reflectometry coupled with advanced signal processing (Extended Kalman Filtering) can etch to desired target remaining film thicknesses to an accuracy of 1.5 nm (3σ limit). 11 In these experiments, films of a-Si/SiNx/Ta/1737f display glass were etched to a target remaining film a-Si thickness of 50nm. Other target thicknesses could have been chosen. The remaining a-Si film thickness had average film thickness of 48.4 nm with an extreme spread in all experiments of 1.4nm (as measured by ex situ spectroscopic ellipsometry). 
IN LINE MONITORS
We characterized the optical properties of the materials in the HBT structure using ex situ spectroscopic ellipsometry. Most the effort required was in the characterization of the AlInAs, a material which previously had not been extensively studied for optical properties in the UV-Vis-NIR range. 12 This data was then used in our ex situ film thickness monitoring efforts. A spectroscopic ellipsometry (SE) measurement of an HBT test sample is shown in Figure 6 and a microscope-based spectral reflectometry (SR) measurement of the same sample is shown in Figure 7 . As can be seen in the figures, the agreement between the two methods is good. As expected, the SE result has better statistical confidence limits due to the inherently higher accuracy of this optical measurement; however, the SR measurement were sufficiently accurate for our process monitoring applications and could be made in much smaller areas. The relatively rapid SR measurement were used to quantify the accuracy of our OES based endpoint experiments. A before-and after-etch pair of measurements from a test sample are shown in Figure 8 . However, two significant complications were noted. First, the apparent roughness layer on the sample was reduced following a DI H 2 O rinse of the sample. XPS results indicated that this rinse removed a Cl-containing film from the surface. 7 Second, because diffuse scattering from surface rough layers has a more serious effect on SR measurements (which use absolute intensity) than SE measurements, we employed an algorithm adapted from BeckmannKirchoff scattering theory to model of the surface roughness layer.
We also used the SR method to test the uniformity of the samples used in our endpoint experiments. We typically tested only 5 points per sample unless significant nonuniformities were detected. However, as an illustration of the results that are possible from a large number of measurements using an automated stage, a relatively nonuniform epi test sample is shown in Figure 9 . While the SE and SR characterization methods were successfully applied to ex situ sample measurements, we did identify a measurement problem which remains unsolved and presents a serious limitation to the wide-spread application reflectance measurement for monitoring of product (device) wafers. The problem is the accurate modeling of superlattices with very thin layers. As an example, a measurement and modeled SE response for the graded SL of the HBT structure is shown in Figure 8 . We were unsuccessful in the fitting this structure with any of the models which we tried, including treating each layer as "bulk" materials (as in the figure), effective media approximations, quaternary alloy approximations (using harmonic oscillator interpolations), and others. In some respects this failure is not surprising as there is (intentionally) a significant amount of electron transfer between the layers in this type of structure. It might be expected that this sort of material would act as an anisotropic layer with unique optical properties.
CONCLUSIONS
While our attempts to accurately endpoint the targeted HBT fabrication step were not fully successful, I would like to offer the following conclusions and conjectures.
First, reflectance based techniques are capable of achieving few-monolayer level accuracies provided: (1) that there is an adequate optically clear view of the wafer surface; (2) that the optical properties of the materials are well characterized. Optical access to the wafer can be maintained in high density plasma systems if the sample positioning is fixed and off-normal ports are installed outside of the plasma discharge area. We are currently operating an in situ spectroscopic ellipsometry system on a high density, inductively coupled plasma tool (a Lam 9400 TCP) using Cl 2 /HBr etch chemistries. While the quartz plate below the TCP coil is heavily clouded by ion bombardment, chemical etching, and coating by etch byproducts, the ellipsometry ports have not shown any clouding or etching. Thus, this annoying problem can be readily solved once the geometry of the etch system is held fixed. In most cases, the optical properties of the materials of interest can be obtained by ex situ spectroscopic ellipsometry. Preparing and characterizing the specialized test samples required, however, often proves to be outside the financial scope of many projects. Our efforts to characterize AlInAs, while sufficient for this effort, were not complete. Significant effort is needed in the optical characterization and modeling of superlattice materials. This continues to be a limiting issue in the use of SE, SR, and related methods in both in situ and ex situ process monitoring efforts. Also, additional effort needs to be made in the optical modeling of process-induced damaged layer and etch byproduct layers. For all of these optical modeling complications, individual process endpoint solutions could be found by empirically matching the raw optical data to a known good shape; however, this type of solution is not robust against changes in sample layers structures or to changes in process-induced surface layers.
Second, process state measurements are well suited to control of repeated processes with significant product flow. However, for small lot applications, the effort and samples required in calibration and training of algorithms tends to offset their advantages. In these applications, SPC and run-to-run control methods using in-line monitoring tools may be more cost-effective. If runto-run variations in the process are too severe to allow effective adjustments using ex situ, in-line methods, then properly installed in situ optical metrology should prove effective.
Third, even if in situ monitors are available and effective, the use of microscope-based SR (a widely used tool in the Si industry) can be effectively employed for compound semiconductor applications. In particular, mapping of the thicknesses and uniformity of epitaxial layers would be useful in both not processing improperly grown wafers and in planning subsequent processing to account for variations in usable wafers. Depending on the layer thicknesses and absorption lengths, accurate estimates for the top two to four layers should be possible. 
